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The  synthesis  and  the  structural  and  morphological  characterization  of  micro-sized,  spherical  LiNio.5 
_xCo2xMn1.5_x04  powders  are  reported.  The  results  demonstrate  that  these  materials  have  a  high  elec¬ 
tronic  conductivity  as  well  as  a  high  tap  density.  We  show  that  when  tested  in  a  lithium  cell  the  Co¬ 
substituted  LiNio.5_xCo2xMni.5_xC>4  electrodes  exhibited  a  better  cycling  performance  and  a  better  rate 
capability  than  the  Co-free  LiNio.5Mn1.5O4  parent  cells.  The  enhanced  electrochemical  performances  are 
attributed  to  the  increase  in  electrical  conductivity  and  in  structural  stability  caused  by  Co  substitution 
for  Ni  and  Mn  and  the  mixed  valence  effect  of  Mn^/Mn44.  Due  to  these  properties,  the  LiNio.5 
_*C02xMn1.5-x04  electrodes  are  believed  to  be  of  importance  for  the  progress  of  the  lithium  battery 
technology. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Considerable  attention  has  recently  been  paid  to  the  develop¬ 
ment  of  Li  ion  batteries  with  high  energy  densities  and  high  power 
capabilities  for  portable  electronic  devices  and  electric  vehicles. 
Energy  density  is  a  key  factor  in  lithium  batteries;  its  value  can  be 
increased  by  using  cathode  materials  capable  to  operate  at  high 
capacity  and  high  voltage.  Relevant  examples  of  high  voltage 
cathode  materials  are  LiMxMn2_x04  (1W  =  Ni,  Cr,  Fe,  Co,  Cu,  Ti,  Mo, 
etc...),  i.e.,  the  so-called  5  V  spinels  [1—9].  The  operating  voltage  of 
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these  materials  varies  around  4.7— 4.9  V  depending  on  the  type  and 
the  concentration  of  the  doping,  transition  metal  M. 

As  known,  due  to  its  high  flat  discharge  voltage  of  4.7  V,  nickel 
substituted  LiNio.5Mn1.5O4  is  the  most  attractive  of  the  family  [2,10], 
During  cycling  of  LiNio.5Mn1.5O4,  Ni  ions  are  reversibly  oxidized  and 
reduced  passing  from  Ni2+  to  Ni4+  with  no  change  in  the  structure 
whose  stability  is  assured  by  the  hosted  Mn4+  ions  which  remain 
electrochemically  inactive  during  the  electrochemical  process  [2], 

The  commercialization  of  LiNio .sMni.504  however,  is  hindered 
by  a  number  of  still  unsolved  performance  issues  mainly  resulting 
in  limitations  in  cycle  life,  due  to  side  reactions  with  electrolytes, 
and  in  rate  capability,  caused  by  the  two-step  phase  transition 
during  cycling.  It  has  in  fact  been  reported  that  the  capacity  fade 
upon  cycling  of  LiNio.5Mn1.5O4  is  mainly  due  to  surface  degradation 
occurring  at  the  electrolyte  interface  at  the  high  operating  voltage 
of  ~5  V  [11—13],  while  the  rate  capability  is  controlled  by  strain 
occurring  during  cycling  and  originating  from  the  two-step  phase 
transitions  between  three  cubic  phases  [14], 
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Surface  modification  with  metal  oxides  [11—13,15—17],  and  BiOF 
[18]  is  an  effective  tool  for  improving  electrochemical  perfor¬ 
mances  of  the  spinel  since  the  oxide  protects  the  material  surface 
from  electrolyte  decomposition  as  well  as  from  HF  attack.  The 
substitution  of  other  metals  (M  =  Li,  Mg,  Ti,  Cr,  Fe,  Co,  Zn,  and  Mo) 
for  Ni  or/and  Mn  sites  in  LiNio .sMnj.sCU  is  another  successful 
approach  [9,17,19—21  ]  since  most  of  the  substituents  improve  the 
electrochemical  performances  by  controlling  the  lattice  parameter 


variation  [19—21]  originating  from  phase  transitions.  The  substit¬ 
uents  also  improve  the  electronic  conductivity  of  the  spinel  [22], 
Investigations  of  cobalt  stabilized  LiNio.45Coo.1Mnr.45O4  have 
been  previously  reported  by  one  of  our  laboratories  [23,24],  The 
results  showed  that  this  material  behaves  as  a  very  efficient 
cathode  in  novel  types  of  lithium  ion  batteries  based  on  its 
combination  with  a  stable,  high  performance  Sn-C  anode  [23]  and 
with  a  morphologically  optimized  Li4Ti5Oi2  anode  [24], 


Fig.  1.  SEM  images  of  the  [Nio.25-*Co*Mno.75-*](OH)2  precursors  with  x  values  of  (a)  0.0,  (b)  0.025,  (c)  0.05,  and  (d)  0.075,  and  of  LiNio.5-xCo2xMn1.5_J[04  powders  with  x  values  of  (a') 
0.0,  (b')  0.025,  (o')  0.05,  and  (d')  0.075. 
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respectively.  However,  to-date  there  have  been  no  systematic 
studies  of  the  role  of  Co  in  LiNio.45Coo.1Mn1.45O4.  In  this  work  we 
attempt  to  fill  this  gap  by  evaluating  the  effects  of  Co  content  (x)  on 
the  structural  and  electrochemical  properties  of  LiNio.5_x_ 
Co2xMni.5_x04  (x  =  0.0-0.075). 

2.  Experimental 

To  synthesize  LiNio.5_xCo2XMni.5_x04  (x  =  0.0  —  0.075),  spherical 
precursors  [Nio25_xCoxMn075_x](OH)2  (x  =  0,  0.025,  0.05,  and 
0.075)  were  first  prepared  by  a  co-precipitation  method  [25],  An 
aqueous  solution  of  NiS04-6H20,  CoS04-6H20,  and  MnS04-5H20 
with  the  desired  composition  at  a  concentration  of  2.0  mol  L1  was 
pumped  into  a  continuously  stirred  tank  reactor  (CSTR,  4  L)  under 
a  nitrogen  atmosphere.  At  the  same  time,  a  4.0  mol  L-1  NaOH 
solution  (aq.)  and  the  desired  amount  of  a  NH4OH  solution  (aq.) 
chelating  agent  were  separately  fed  into  the  CSTR  reactor.  The  so 
obtained  precursors  were  filtered  and  washed  with  distilled  water 
and  then  dried  at  110  °C  for  12  h.  The  dried  powders  were  thor¬ 
oughly  mixed  with  Li2CC>3  (molar  ratio  of  Li/transition 
metals  =  1.02)  and  calcined  at  850  °C  for  20  h  in  air. 

Powder  X-ray  diffraction  (XRD,  Rint-2000,  Rigaku)  using  Cu-Ka 
radiation  was  utilized  to  identify  the  crystal  structure  of  the 
synthesized  materials.  The  morphologies  of  the  powders  were 
evaluated  using  a  scanning  electron  microscope  (SEM,  JSM-6340F, 
JEOL).  The  chemical  compositions  of  the  resulting  powders  were 
determined  by  atomic  absorption  spectroscopy  (AAS,  Analyst  300, 
Perkin  Elmer).  The  DC  electrical  conductivity  was  measured  by 
a  direct  volt— ampere  method  (CMT-SR1000,  AIT  Co.)  in  which  disk 
samples  were  contacted  with  a  four-point  probe. 

Electrochemical  testing  was  performed  in  R2032  coin-type  cells. 
The  positive  electrodes  were  fabricated  by  blending  the  prepared 
powders,  Super  P  carbon  black,  and  polyvinylidene  fluoride 
(85:7.5:7.5)  in  N-methyl-2-pyrrolidone.  The  slurry  was  then  cast  on 
aluminum  foil  and  dried  at  110  °C  for  10  h  in  a  vacuum  oven.  The 
negative  electrode  was  lithium  foil  and  the  electrolyte  was  a  1.2  M 
LiPF6  solution  in  an  ethylene  carbonate  (EC)-ethyl  methyl  carbonate 
(EMC)  mixture  (3:7  ratio  by  volume,  PANAX  ETEC  Co.,  Ltd.,  Korea). 
The  positive  and  negative  electrodes  were  separated  by  a  porous 
polypropylene  film. 

3.  Results  and  discussion 

To  obtain  micro-sized,  spherical,  high  tap  density  LiNio.5_x_ 
C02XMni.5_xC>4  (x  =  0.0 -  0.075)  powders  we  used  a  dense  spherical 
[Nio.25-xCoxMno.75_x](OH)2  hydroxide  precursor.  Fig.  1  shows  SEM 
images  of  the  [Nio.25-xCoxMno.75_x](OH)2  (x  =  0-0.075)  precursor 
and  of  its  corresponding  lithiated  oxides,  LiN ig  s _xCo2xM ni.5_x04 
(x  =  0  —  0.075).  All  of  the  particles  are  spherical  and  the  diameter  of 
both  the  precursors  and  the  lithiated  oxides  is  estimated  to  be  7  pm. 
As  expected  [25],  the  spherical  morphology  and  the  particle 
diameter  of  the  lithiated  oxides  remained  unchanged  after  high 
temperature  calcination.  The  thicknesses  of  the  needle-shaped 
primary  particles  in  the  precursors  increased  with  increasing  Co¬ 
substitution  amount  up  to  x  =  0.05  and  then  decreased.  A  similar 
behavior  is  observed  in  the  corresponding  lithiated  oxide  primary 
particles,  where  the  bar-like  shape  gradually  changed  to  an 
octahedron-like  shape,  resulting  in  a  progressive  increase  in  tap 
density  as  confirmed  by  Table  1  that  reports  the  values  of  this 
parameter  for  both  the  precursor  and  the  lithiated  oxides 
LiNio.5_xC02XMni.5_x04  (x  =  0.0  -  0.075)  as  a  function  of  Co  content. 
Clearly,  the  highest  tap  density,  i.e.,  2.2  g  cc-1,  is  provided  by  the 
materials  with  x  =  0.05  and  0.075,  i.e.,  with  the  highest  cobalt 
concentration. 


Table  1 

Tap  density  of  the  [Nio.25-xCOxMno.75-x]  (0H)2  precursor  and  of  the  lithiated  oxide,  Li 
[Nio.5-xCo2xMn1.5_x]04  as  function  of  the  Co  content 

x  0.0  g  cc  1  0.025  g  cc1  0.05  g  or1  0.075  g  cc  1 

Precursor  1.4  1.5  1.6  1.6 

Lithiated  oxide  1.9  2.0  2.2  2.2 


Fig.  2  shows  the  XRD  patterns  of  the  LiNio  5_xCo2XMn]  5_x04 
(x  =  0.0-0.075)  powder  samples:  the  spectra  reveals  that  all  of 
them  have  a  well  defined  spinel  phase  with  a  Fd3m  space  group. 
The  pure  Li[Nio.sMni  5)04  phase  is  difficult  to  obtain  because  of  the 
Ni  solubility:  formations  of  impurity  phases,  such  NiO  and  Lii_x_ 
NixO,  are  in  fact  often  observed  for  this  material  [2,26,27],  However, 
no  Co  impurities  or  Ni-related  phases  were  observed  in  our 
LiNio  5_xCo2XMni.5_x04  samples. 

The  lattice  parameters  of  the  samples  were  calculated  by  a  least 
squares  method  using  the  XRD  data.  Fig.  3  shows  the  results:  as  the 
Co  content  (x)  increases,  the  lattice  parameter  a  linearly  decreases 
from  8.179  A  (x  =  0.0)  to  8.168  A  (x  =  0.075),  indicating  that  the 
Co3+  ions  are  uniformly  distributed  in  the  Ni2+  and  Mn4+  octahe¬ 
dral  sites.  The  decrease  of  the  a  lattice  parameter  may  be  due  to 
substitution  of  the  smaller  Co3+  (0.53  A)  ion  for  the  larger  Ni2+ 
(0.76  A)  and  Mn4+  (0.54  A)  ions  [28],  We  suggest  that  the  linear 
variation  in  the  lattice  parameter  a  as  a  function  of  the  Co  content 
implies  a  successful  formation  of  a  solid  solution  in  LiNio.5_x_ 
C02xMni.5_x04,  obeying  Vegard’s  rule. 

Table  2  shows  the  electrical  conductivity  of  the  LiNio.5_x- 
Co2XMni.5_x04  (x  =  0.0-0.075)  samples  here  under  study.  The 
conductivity  increases  by  increasing  the  Co  content  (x),  to  reach 
a  maximum  value  of  6.46  x  10-6  S  cm”1  for  the  LiNio.4- 
Coo.1Mn1.4O4  sample,  which  is  3  times  higher  than  that  of  Co-free 
LiNio.5Mn1.5O4,  (1.91  x  10-6  S  cm-1).  It  is  believed  that  the  increase 
in  conductivity  is  due  to  the  Mn3+/Mn4+  mixed  valence  effect 
promoted  by  the  larger  Mn3+  concentration  resulting  from  the 
high  Co  substitution  [29], 

Fig.  4  shows  the  first  charge/discharge  curves  of  the  Li/ 
LiNi0.5_xCO2XMni.5_xO4  (x  =  0.0-0.075)  materials  cycled  in 
a  lithium  cell  between  3.5  and  4.9  V  voltage  limits  and  at  a  current 
density  of  24  mA  g-1  (0.2  °C-rate).  The  cell  exhibited  a  long,  flat 
4.7  V  plateau  followed  by  a  much  shorter  4.0  V  plateau;  the  former 
is  attributed  to  the  Ni2+/Ni4+  redox  process  and  the  latter  to  the 
Mn3+/Mn4+  redox  process  [2,30,31],  The  length  of  this  second 
plateau  increases  by  increasing  the  Co  fraction,  reaching  the  highest 
value  for  a  Co  content  of  0.1  (x  =  0.05).  This  trend  can  be  accounted 
for  by  considering  that  an  increase  in  Co  content  results  in  an 
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Fig.  2.  X-ray  diffraction  patterns  of  LiNio.5-xC02xMni.5_x04  powders  with  x  values  of  (a) 
0.0,  (b)  0.025,  (c)  0.05,  and  (d)  0.075. 
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Table  2 

Electrical  conductivity  of  Li[Ni0.5  ,Co2xMni  5  x]04  samples  as  function  of  the  Co 


Sample  Electrical  conductivity  (S  cm  ') 

LiNio.5Mn1.504  1.91  x  10“6 

LiNi0.475CO0.05Mni.47504  2.51  x  10-6 

LiNio.45Coo.1Mn1 45O4  6.46  x  10-6 

LiNio425COo.i5Mn142504_ 3.92  x  10~6 


increase  of  Mn3+  concentration.  On  the  other  hand,  Fig.  4  also 
reveals  that  the  increase  in  Co  reflects  in  a  gradual  decrease  in  the 
value  of  the  discharge  capacity.  We  hypothesize  that  this  effect  is 
due  to  the  impoverishment  of  the  electro-active  Ni2+;  we  can  in  fact 
exclude  a  role  of  the  substitutent  Co  since  its  electrochemical 
response,  associate  with  the  Co3+/Co4+  redox  process,  is  expect  to 
occur  at  5.1  V  [4,6], 

To  evidence  the  variation  of  the  voltage  profiles  around  4.7  V, 
the  initial  charge  and  discharge  curves  of  the  Li/LiNi0.5_x_ 
Co2xMn15_x04  cells  reported  in  Fig.  4  were  differentiated  and  the 
results  are  shown  in  Fig.  5.  Two  distinct  peaks  were  observed  at  4.7 
and  4.75  V  in  the  charge  voltage  profile  of  the  Li/LiNio.sMnj.sCU 
(x  =  0)  cell.  As  the  Co  content  increases,  the  upper  plateau  (Ni3+/ 
Ni4+  redox)  is  shifted  to  progressively  higher  voltages,  contrary  to 
the  behavior  of  the  lower  plateau  arising  from  the  Ni2+/Ni3+  redox 
that  moves  to  lower  voltages  showing  clear  broadening  of  the 
peaks.  The  shift  to  high  voltage  following  the  increase  in  Co  content 
may  be  associated  with  a  change  of  the  bonding  strength  of  the 
substituted  spinel  structure.  We  hypothesized  that  similar 
phenomena  are  due  to  difference  in  Gibbs  free  energies  of  forma¬ 
tion  of  the  constituent  oxides  [8],  being  at  298  K  for  NiO,  C02O3,  and 
MnC>2  equal  to  -211.7  kj  mol-1,  -560  kj  mol-1, 
and  -465.2  kj  mol-1,  respectively,  suggesting  that  the  Co— O  bond  is 
stronger  than  both  Ni-0  and  Mn-0  bonds  [32],  We  believe  that  an 
increase  in  strength  of  the  Co-0  bonding  may  lead  to  an  increase  in 
the  redox  potential. 

Fig.  6a  shows  the  cycling  performance  of  the  Li/ 
LiNio.5_xCo2xMni.5_x04(x  =  0.0 ~  0.075)  cells  cycled  between  3.5 
and  4.9  V  at  25  °C  under  a  specific  current  density  of  60  mA  g-1 
(0.5  °C-rate).  This  is  the  highest  initial  discharge  capacity  i.e., 
136  mAh  g-1  is  shown  by  the  LiNio.5Mn1.5O4  (x  =  0)-based  cell; 
however  this  cell  also  shows  a  poor  capacity  retention,  i.e.,  90.8% 
after  100  cycles,  while  the  cells  using  the  Co  substituted  electrodes, 
although  having  a  lower  initial  capacity,  have  a  much  more  stable 


Specific  capacity  /  mAh  g'1 

Fig.  4.  Initial  charge/discharge  curves  of  the  Li/LiNi0.5_xC02xMn1.5_x04  cells 
(x  =  0.0  ~  0.075)  cycled  between  3.5  and  4.9  V  at  a  current  density  of  24  mA  g-1 
(0.2  "C-rate). 


capacity  retention,  i.e.,  capacity  retention  of  96.4%  (x  =  0.025),  97.2% 
(x  =  0.050)  and  99%  (x  =  0.075). 

To  further  test  the  role  of  the  Co  content  on  their  cycling 
performance,  the  Li/LiNio.5_xQ>2XMni s_xC>4  lithium  cells  were 
tested  at  55  °C  and  the  results  are  shown  in  Fig.  6b.  A  trend  very 
similar  to  that  obtained  at  room  temperature  was  observed,  apart 
from  a  general  increase  of  the  discharge  capacity  at  initial  cycling, 
as  expected  from  the  temperature  enhanced  electronic  conduc¬ 
tivity  of  the  materials,  and  some  severe  capacity  decays  at  the  end 
of  the  test  for  the  cells  with  the  lowest  Co  content,  probably  due  to 
material  dissolution.  Indeed,  the  best  cycle  life  with  high  capacity 
retention  was  provided  by  the  cells  using  the  electrodes  having  the 
highest  cobalt  contents,  namely  by  the  Li/LiNio.4sCoo.ioMni.4504 
and  by  the  Li/LiNio.425Coo.i5Mni.42504  cells,  that  kept  a  capacity 
retention  of  94.9%  and  of  96.2%,  respectively.  These  results  outline 
the  important  role  of  the  Co  component  that,  by  inducing 
enhancement  in  the  structural  stability  deriving  by  its  substitution 
for  Ni  and  Mn  sites,  prevents  material  dissolution,  this  finally 
leading  to  a  great  improvement  in  the  electrochemical  response  of 
the  LiNio.5_xCo2xMni.5_xC>4  electrodes  when  cycled  in  a  lithium  cell. 

Finally,  the  rate  capability  of  the  LiNi0.5_xCO2XMni.5_xC>4 
(x  =  0.0  ~  0.075)  electrodes  has  been  determined  by  discharge  tests 
run  under  current  density  progressively  increasing  from  24  mA  g-1 
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density  of  60  mA  g  1  (0.5  °C). 


(0.2  °C)  to  2400  mA  g-1  (20  °C)  and  between  3.5  and  4.9  V  voltage 
limit.  Fig.  7a— d  compares  the  results  obtained  for  the  four  lithium 
cells  here  considered.  All  cells  were  charged  at  the  same  current 
density  of  24  mA  g”1  (0.2  °C)  before  each  discharge.  At  the  low 
discharge  rate  of  0.5  °C,  the  cells  exhibited  a  comparable  rate 
capability,  namely  137  mAh  g-1  (x  =  0.0),  130  mAh  g-1  (x  =  0.025), 
128  mAh  g'  (x  =  0.050)  and  118  mAh  g-1  (x  =  0.075),  respectively. 
However,  at  discharge  rates  exceeding  10  °C  (1200  mA  g  1 ),  the  Co¬ 
substituted  LiNio.5-xC02xMni.5_x04  cells  exhibited  a  significantly 
enhanced  rate  capability.  For  instance,  at  a  20  °C-rate 
(2400  mA  g-1)  the  LiNio.5Mn1.5O4  cell  gave  a  discharge  capacity  of 
only  80.7  mAh  g-1  with  a  significant  voltage  drop  to  below  4  V, 
while  at  the  same  current  rate  the  other  cells  had  much  better 
capacity  retention  and  voltage  profile  (compare  Fig.  7a  with  b-d). 
This  dramatic  difference  may  be  explained  on  the  basis  of  the 
electrical  conductivity  of  the  various  electrode  materials.  The, 
poorly  electrode  conducting,  Co-free  LiNio.5Mn1.5O4  cell  is  affected 
by  severe  polarization.  On  the  other  hand,  the  LiNio.45Coo.1Mn1.45O4 
cell,  exploiting  the  electrode  with  the  highest  conductivity  of  the 
series  (see  Table  2)  exhibited  a  discharge  capacity  of  112.4  mAh  g-1 
with  little  voltage  polarization  even  at  very  high  current  rates 
(compare  Fig.  7c  with  a). 

4.  Conclusions 

We  show  in  this  work  that  micro-sized  spherical  shaped 
LiNio.5_xCo2xMni.5_x04  (x  =  0.0  ~  0.75)  electrodes,  prepared  by  the 
co-precipitation  synthesis  optimized  in  our  laboratory,  show  a  very 
promising  behavior,  in  terms  of  capacity  retention,  cycle  life 
stability  and  rate  capability,  when  used  as  cathodes  in  lithium  cells. 
We  believe  that  this  high  electrode  performance  results  from  the 
improved  electric  conductivity  of  the  electrodes  due  to  the  Mn3+/ 
Mn4+  mixed  valence  effect  caused  by  the  Co  substitution.  The 
results  reported  in  this  work  outline  the  important  role  of  the  Co 
substitution  for  Ni  and  Mn  sites  such  as  enhancing  the  structural 
stability  and  preventing  material  dissolution.  Thus  Co  substitution 


Fig.  7.  Rate  capabilities  of  (a)  LilNio.5Mnj.5lO4,  (b)  LiNi0.475Coo.o5Mno.47504,  (c)  LiNio.45Coo.1Mno.45O4,  and  (d)  LiNi0.425Coo.i5Mno.425O4  between  3.5  and  4.E 


:  various  currents. 
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finally  leads  to  a  great  improvement  in  the  electrochemical 
performances  of  the  LiNio.5_xCo2xMni.5_x04  electrodes  when  cycled 
in  a  lithium  cell.  In  addition,  these  electrode  materials  benefit  to 
a  high  tap  density,  i.e.,  of  the  order  of  2.2  g  cc-1.  It  is  worth  to  recall 
here  that  a  high  tap  density  is  a  quite  welcome  feature  for  an 
electrode  since  it  has  a  direct  reflection  of  the  volumetric  energy 
density  of  the  cell  that  utilizes  it.  For  all  the  unique  properties  above 
outlined,  we  believe  that  the  Co-stabilized  Li N i0  5 _XC02XM n  15 _x04 
electrodes  may  have  an  important  role  for  the  progress  of  the 
lithium  battery  technology. 
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